Abstract. DNA should be duplicated precisely once per cell cycle to maintain genome integrity. After DNA replication, geminin binding to Cdt1 inhibits uploading of the minichromosome maintenance (MCM) complex as DNA helicase onto chromatin and prevents DNA re-replication in the same cell cycle. Expression of geminin indicates poor prognosis in some malignancies, such as breast and renal cell carcinoma. We evaluated the expression of geminin to clarify its pathobiological and prognostic significance in colorectal cancer, compared with expression of MCM7 and Ki-67. We performed Western blot analyses of 5 human colorectal cancer cell lines and immunohistochemistry on 191 surgically removed specimens of Dukes' B and C stage colorectal cancer. Doublelabeling immunofluorescence was also carried out to identify co-expression of geminin, MCM7 and Ki-67. Geminin proteins were detected in all the 5 cell lines examined. Geminin, MCM7 and Ki-67 were co-expressed and cells that stained only for geminin were not detected. Mean labeling indices (LIs) for geminin, MCM7 and Ki-67 were 26.3, 58.2 and 40.8%, respectively. Patients with high geminin LIs had significantly unfavorable prognosis in stage II and III colorectal cancer (P=0.04). Patients with a tumor with a higher proliferating nature (i.e. high LIs for three markers) showed significantly unfavorable prognosis in multivariate Cox analysis. Our results indicate that assessment of geminin, MCM7 and Ki-67 may be useful for predicting prognosis in patients with colorectal cancer.
Introduction
Colorectal cancer is one of the most common cancers worldwide, but the current TNM classification system does not necessarily accurately predict the prognosis of individual patients (1, 2) . Therefore, new molecular markers should be identified to predict prognosis in patients with colorectal cancer.
One of the crucial points for genomic stability is DNA replication, since this process should ensure that the entire genome is precisely duplicated once per cell cycle. DNA replication licensing involves the stepwise assembly of initiator proteins, including Cdt1 and minichromosome maintenance (MCM) protein complex consisting of MCM2-7, on origins of replication (3) . The activated MCM complex appears to play a key role in the DNA unwinding step, by acting as a DNA helicase (3) . After DNA replication is initiated during the cell cycle, geminin binds to Cdt1 and inhibits re-uploading of the MCM complex onto chromatin, thus preventing DNA re-replication in the same cell cycle (4) .
Although it has been suggested that geminin possesses possible tumor suppressive functions (5, 6) , immunohistochemistry and immunoblotting have revealed that geminin is absent in organs or tissues with minimal proliferating activity, such as normal liver and is specifically expressed in proliferating lymphocytes, male germ cells and various epithelial cells, including those in the skin, uterine cervix and colon (6) (7) (8) . Moreover, previous studies have demonstrated that expression of geminin increases with tumor grade (9) (10) (11) (12) (13) , which leads to poor prognosis in a variety of cancer patients, such as those with breast and renal cell carcinomas (14, 15) .
Ki-67 is a cell cycle entry marker that is expressed during all the phases of the cell cycle except for G0 (16) (Fig. 1) . Previous studies have shown that MCM proteins are expressed in both rapidly and slowly cycling populations, such as primary oocytes and premenopausal breast cells (8, 17) . Geminin is expressed during the S, G2 and M phases but not in G0 and G1 phases (18) .
Overexpression of geminin has been reported in colorectal cancer, but its prognostic significance has not been established (9) . We have also previously reported the expression of MCM7 and Ki-67 and a high labeling index (LI) for MCM7 is an independent prognostic factor in colorectal cancer (19) . Here, we focused on the expression of geminin in human colorectal cancer. Furthermore, we assessed the prognostic significance of the nature of the tumor as estimated by expression of MCM7, Ki-67 and geminin.
Materials and methods
Cell culture and Western blot analysis. The human colon carcinoma cell lines Colo201, Colo320, DLD-1, LoVo and WiDr were routinely cultured in RPMI-1640 supplemented with 10% fetal bovine serum at 37˚C in a 5% CO 2 -containing atmosphere.
Western blot analyses were processed using protocol, as described previously (19) . The membrane with resulting protein samples were incubated with primary antibodies at the following dilutions: rabbit anti-geminin antibody (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA); and mouse anti-ß-actin (1:2000; Sigma, St. Louis, MO). Next, the membranes were incubated with horseradish peroxidase-conjugated anti-rabbit IgG (1:2000; MBL, Nagoya, Japan) and anti-mouse IgG (1:2000; MBL). After routine processing, the surgical specimens were fixed in 10% buffered formalin and embedded in paraffin wax. All tumors were routinely stained with hematoxylin and eosin. Histological diagnosis was made according to the TNM staging system (1,2) and the 7th edition of the General Rules for Clinical and Pathological Studies on Cancer of the Colon, Rectum and Anus (20) . The study protocol was approved by the Institutional Review Boards of Tottori University Faculty of Medicine.
Immunohistochemistry. Immunohistochemistry was performed using a standard streptavidin-biotin-peroxidase complex protocol, as described previously (19) . The sections were incubated with the following antibodies: rabbit anti-geminin antibody (1:100); mouse anti-MCM7 antibody (1:100; Santa Cruz Biotechnology); and mouse anti-Ki-67 antibody (1:50; Dako, Glostrup, Denmark).
Quantitative analysis was undertaken by two of the authors, who were unaware of the clinicopathological variables. Counts were performed in high-magnification fields from the most intensely stained areas using the Flovel Image Filing System FlvFs (Flovel Inc., Tachikawa, Japan). Cells were identified as positive if there was any nuclear staining present and any stromal or inflammatory cells in the field were excluded. An average of 800 nuclei was counted for each case. LI was calculated by dividing the number of positive cells by the total number of cells counted.
Double-labeling immunofluorescence.
Paraffin-embedded tissue sections were processed for double-labeling immunofluorescence protocol, as described previously (19) . The Table I . The correlation between the geminin labeling index and clinicopathological profiles. 
sections were incubated with a mixture of anti-geminin antibody (1:100) and anti-MCM7 antibody (1:100) and a mixture of anti-geminin antibody (1:100) and anti-Ki-67 antibody (1:100). Incubation with R-phycoerythrin-conjugated goat anti-rabbit IgG (1:200; Molecular Probes Inc., Eugene, OR, USA) was carried out, followed by incubation with Alexa Fluor 488-conjugated rabbit anti-mouse IgG (1:200; Molecular Probes Inc.) and mounted. The sections were observed using a fluorescence microscope (Eclipse E800; Nikon, Tokyo, Japan).
Statistical analysis.
Correlations between the LIs for geminin, MCM7 and Ki-67 were analyzed using Pearson's correlation coefficient test. Correlations between the LIs and clinicopathological variables were analyzed using analyses of two values with the Mann-Whitney U test and more than two values with the Kraskal-Wallis rank test. Kaplan-Meier cumulative survival curves were constructed for the LIs (21) . A log-rank test was used to assess the statistical significance of these curves. Univariate and multivariate Cox regression models for survival were used to evaluate the contributions of various factors (22) . P<0.05 was considered to indicate statistical significance. The analyses were carried out using Statcel ver. 2 for Windows (OMS Publishing Inc., Saitama, Japan) and Dr. SPSS II for Windows (SPSS Inc., Tokyo, Japan).
Results
Geminin protein expression in human colorectal cancer cell lines. Initially, we examined the expression of geminin in five human colorectal cancer cell lines by Western blotting. As shown in Fig. 2 , geminin proteins were detected at various levels in all the five colorectal carcinoma cell lines as clear single bands of 30 kDa, indicating the specificity of the antibody used.
Immunohistochemistry and double-labeling immunofluorescence. Immunoreactivity for geminin, MCM7 and Ki-67 was noted exclusively in the nucleus of tumor cells (Fig. 3A-D) .
Geminin was also immnoreactive in the perichromosomal cytoplasm of mitotic cells. Positive cells were observed in the basal third of crypts that corresponded to the proliferative zone and in the germ center of lymphoid follicles in non-neoplastic mucosa (Fig. 3E-G) . Double-labeling confocal immunofluorescence microscopy was conducted to identify co-expression of geminin and MCM7 and of geminin and Ki-67 (Fig. 3H-M) . All gemininpositive cells (red) also expressed MCM7 (green) (Fig. 3J) , which produced a yellow signal when the images were merged. Similarly, all geminin-positive cells (red) expressed Ki-67 (green) (Fig. 3M) . Geminin-only-positive cells (red fluorescent signal alone) were not detected after merging.
Geminin, MCM7 and Ki-67 immunoreactive tumor cells were more frequently observed in the marginal area at the invasive front than in the center of the tumor. Therefore, we mainly evaluated the marginal areas. The mean LIs of geminin, MCM7 and Ki-67 were 26.3±8.5, 58.2±9.2 and 40.8±10.3%, respectively. There was a significant positive correlation in LI between geminin and MCM7 (r=0.20, P<0.01), as well as geminin and Ki-67 (r=0.26, P<0.01).
Correlations between geminin expression and clinicopathological profile. We evaluated the correlations between LIs for geminin and clinicopathological profiles (Table I) . We chose the cut-off value using the 'minimum P-value approach' (23); that is, geminin LI of 25%, MCM7 LI of 58% and Ki-67 LI of 40%, the value being almost equal to the mean LIs. High LIs for geminin, MCM7, and Ki-67 were noted in 116, 101 and 103 carcinomas, respectively. LI for geminin was significantly higher in the welldifferentiated than in the poorly differentiated tumors (P<0.05). The LI for geminin was significantly correlated with MCM7 high LI (>58%) and Ki-67 high LI (>40%) (P<0.01), but not with age, gender, tumor location, Dukes' stage, T stage, N stage, distant metastasis and UICC stage.
Analysis of prognosis.
We examined the cumulative survival of two groups of patients with high and low LIs using the Kaplan-Meier method and log-rank test. A significantly poorer prognosis was found in the 96 patients with a higher geminin LI compared to the 61 with a lower geminin LI in stage II and III (P=0.04; Fig. 4A ). The patients with a high geminin LI showed poorer survival, even in stage II (P=0.05; Fig. 4B ).
Colorectal cancer with higher LIs of MCM7, Ki-67 and geminin might be characterized as higher proliferating tumors, which were noted in 52 of our cases. The 43 patients with the higher proliferating tumors showed significantly poorer prognosis than the other 114 patients in stage II and III (P<0.01; Fig. 4C ). Similarly, the 28 patients with the higher proliferating tumors showed significantly poorer prognosis than the others, even in stage II (P<0.01; Fig. 4D ).
We performed univariate Cox regression analyses to evaluate the contributions of potential prognostic markers to overall survival. Overall survival was significantly correlated with high LI for geminin [relative risk (RR)=2.15; P=0.03] and high LI for MCM7 (RR=2.30; P=0.01) (Table II) . Patients with higher proliferating tumors were also significantly correlated with overall survival rate (RR=2.35; P<0.01).
A multivariate Cox regression analysis was undertaken to determine whether the markers examined offered prognostic information compared with age, gender, tumor location, histological differentiation, T stage, N stage, M status and UICC stage. Significant and independent prognostic factors in this analysis included UICC stage, which showed the highest RR value, followed by T stage and the higher proliferating tumors (RR=2.25; P<0.01) (Table II) .
Discussion
This study clearly demonstrated the prognostic significance of geminin and tumor pattern from the cell cycle point of view, Table II . Univariate and multivariate Cox regression analysis of the contribution of various parameters to the overall survival. 
RR, relative risk and CI, confidence interval.
using the immunohistochemical expression of geminin, MCM7 and Ki-67 in human colorectal cancer.
The LI for geminin was significantly higher in the welldifferentiated than in the poorly differentiated tumors, while poor survival was shown in patients with high LI for geminin. It is believed that the patients with the histological diagnosis of well-differentiated tumor usually have good prognosis. We speculate that the poorly differentiated tumors may have powerful potential to invade rather than to proliferate. Moreover, patients with high LIs for geminin showed unfavorable prognosis in colorectal cancer, although the LI for geminin was not correlated with any of the current TNM classification, such as T stage, N status and distant metastasis. We speculate that the LI for geminin may give information of proliferating tumors that are in S-G2-M phase, while the current TNM classification may be assessed by the tumor potential to invade and metastasize, but not by proliferating potential.
Quaglia et al have investigated co-expression of MCM2, Ki-67 and geminin in hepatocellular carcinoma and precursor lesions in a small series of cirrhotic livers (24) , in which nodules were classified into four patterns: negative for MCM2, Ki-67 and geminin; positive for MCM2 but negative for Ki-67 and geminin; positive for MCM2 and Ki-67 but only a few geminin-positive cells; and positive for all these markers. The pathobiological significance of these patterns, however, was not determined.
From the cell kinetics point of view, colorectal carcinoma consists of four types of tumor cells, as shown in Fig. 1 . First, all MCM7-, Ki-67-and geminin-positive tumor cells are considered to be in S, G2 and M phase and possess high proliferation potential. Second, MCM7-and Ki-67-positive, geminin-negative cells are in G1 phase and may show proliferating activity. Third, MCM7-positive, Ki-67-and geminin-negative tumor cells are in G0/dormant phase. These tumor cells have been characterized as liscenced nonproliferating oocytes or cancer stem cells (19) . Tumor cells that are negative for all three molecules, which correspond to MCM7-negative cells, might be non-proliferating cells. Mean LI for MCM7 was 58.2% in the present study, which implies that approximately half of the colorectal carcinoma cells remain in non-proliferating status. We focused our attention on colorectal carcinomas with higher LIs for MCM7, Ki-67 and geminin, because the carcinomas are expected to possess higher proliferating activity. In fact, the 43 patients with carcinoma that had a seemingly higher proliferating activity showed unfavorable prognosis compared with those in stage II and III. Moreover, univariate and multivariate analyses obviously showed that the simultaneously higher LIs for these three molecules is a significant and independent prognostic factor.
The patients with a high LI for geminin or MCM7 also showed poorer prognosis than those with other colorectal cancers. Patients with higher proliferating tumors, with higher LIs for geminin, MCM7 and Ki-67, had significantly poorer prognosis. Thus, simultaneously higher LIs for geminin, MCM7 and Ki-67 were a more powerful predictor of prognosis than a high LI for geminin or MCM7 alone, as estimated by RR and P-values. Moreover, both geminin and MCM7 LIs were omitted from the final Cox analysis, as they had no influence when this categorization was included. It might be necessary for the assessment of prognosis to have both the tumor cells in S, G2 and M phase and high proliferating potential. Therefore, we consider that the assessment of geminin, MCM7 and Ki-67 may be more useful than geminin or MCM7 alone for predicting prognosis in patients with colorectal cancer.
There are some limitations in the present study. We did not analyze the relationship between LI and prognosis in stage IV cancer, which showed obviously poorer prognosis. Moreover, we did not examine early or stage I cancer, which usually has a favorable prognosis, regardless of tumor pattern from the cell cycle point of view, using the LI for geminin, MCM7 and Ki-67.
In conclusion, our results indicate that geminin is overexpressed in colorectal cancer. Assessment of geminin, MCM7 and Ki-67 may be useful for predicting prognosis in patients with stage II or III colorectal cancer.
